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Translating promising preclinical drug discoveries to successful clinical trials remains a 
significant hurdle in pain research. Although animal models have significantly contributed 
to understanding chronic pain pathophysiology, the majority of research has focused on 
male rodents using testing procedures that produce sex difference data that do not align 
well with comparable clinical experiences. Additionally, the use of animal pain models 
presents ongoing ethical challenges demanding continuing refinement of preclinical 
methods. To this end, this study sought to test a quantitative allodynia assessment 
technique and associated statistical analysis in a modified graded nerve injury pain model 
with the aim to further examine sex differences in allodynia. Graded allodynia was 
established in male and female Sprague Dawley rats by altering the number of sutures 
placed around the sciatic nerve and quantified by the von Frey test. Linear mixed effects 
modeling regressed response on each fixed effect (sex, oestrus cycle, pain treatment). On 
comparison with other common von Frey assessment techniques, utilizing lower threshold 
filaments than those ordinarily tested, at 1 s intervals, appropriately and successfully 
investigated female mechanical allodynia, revealing significant sex and oestrus cycle 
difference across the graded allodynia that other common behavioral methods were 
unable to detect. Utilizing this different von Frey approach and graded allodynia model, 
a single suture inflicting less allodynia was sufficient to demonstrate exaggerated female 
mechanical allodynia throughout the phases of dioestrus and pro-oestrus. Refining the 
von Frey testing method, statistical analysis technique and the use of a graded model of 
chronic pain, allowed for examination of the influences on female mechanical nociception 
that other von Frey methods cannot provide. 
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INTRODUCTION 

It is now well recognized that sex differences exist in chronic pain 
pathologies (Ruau et al., 2012). Clinical and experimental studies 
have demonstrated that women are overrepresented in numerous 
chronic pain conditions compared to males (Riley et al., 1998; 
Hurley and Adams, 2008; Fillingim et al, 2009). Animal studies 
have replicated the clinical pain experience, with female rodents 
characteristically exhibiting lower thresholds to painful stimuli 
and exaggerated pain responses following nerve injury compared 
to males (Lacroix-Fralish et al., 2006a). Evidently, chronic pain is 
predominantly a female problem. 

Neuropathic pain is one chronic pain condition with a pre- 
dominant number of female sufferers (Riley et al, 1998; Fillingim 
et al., 2009). Neuropathic pain is specifically is defined as damage 
or inflammation of the peripheral nervous system, characterized 
by both hyperalgesia, exaggerated pain in response to noxious 

Abbreviations: CCI, chronic constriction injury; CNS, central nervous system; 
PAG, periaqueductal gray; PSNL, partial sciatic nerve ligation; N, sciatic nerve; S, 
subcutaneous; PO, postoperative; pro, pro-oestrus; oest, oestrus; met, metoestrus; 
di, dioestrus; AIC, Akaike's Information Criterion. 



stimuli; and allodynia, pain in response to normally innocu- 
ous stimuli (Woolf, 1995). Recent preclinical investigations have 
provided for a greater understanding of the initiation and main- 
tenance processes underlying neuropathic pain. However, due 
to the continued use of suboptimal preclinical methodologies, 
substantial mechanistic questions remain, with the reasons for 
the female prevalence of this chronic pain condition not yet 
fully understood. Contributing to the translational issues associ- 
ated with preclinical pain studies, many investigations examining 
chronic pain mechanisms have done so utilizing animal models, 
such as chronic constriction injury (CCI), partial sciatic nerve lig- 
ation (PSNL) and L5 spinal nerve ligation that do not in fact best 
reflect the clinical heterogeneity of clinical pain (Wang and Wang, 
2003; Mogil, 2009; Grace et al, 2010; Berge, 201 1). Consequently, 
in order to draw improved information from preclinical stud- 
ies and extrapolate those findings to the clinical situation it is 
imperative for future studies to develop and utilize novel animal 
pain models and behavioral testing techniques that more closely 
resemble clinical chronic pain and to standardize such procedures 
to enable suitable comparisons and improved interpretation of 
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results thereby allowing appropriate future investigation into the 
role of sex in chronic pain pathologies (Bove, 2006). 

In addition to the various translational issues associated with 
utilizing animal chronic pain models, the use of animals in pain 
research poses numerous ethical dilemmas. Inflicting pain in 
order to ultimately understand and prevent it is the ethical para- 
dox the medical and scientific community have largely accepted 
in order to validate intentional animal suffering (Zimmermann, 
1986; Dubner, 1987; Tannenbaum, 1999). In the interest of pro- 
tecting the welfare of animals used in scientific research the 
deliberate infliction of pain in animals requires strong justifica- 
tion (Carbone, 2012). This stringency is transparent throughout 
the various global statutory policies that govern the use of animals 
in science. Embedded within this legislation are the guiding prin- 
ciples of the three R's, which form a structure ensuring animals 
are only used when absolutely necessary (Replacement), as few 
animals are used as required to achieve the scientific and statisti- 
cal objectives of the investigation (Reduction) and the models and 
testing procedures reduce or preclude potential harm, pain and 
distress (Refinement) (Gad, 1990). Despite easily satisfying the 
replacement parameter of the three R's with strong evidence for a 
reliance on and a necessity to use animals in pain research (Mogil 
et al., 2010), scientists are faced with great difficulty in support- 
ing the refinement category in their endeavor to obtain animal 
ethics with chronic pain investigations which in their very nature 
intentionally inflict persistent pain. Consequently, as the high 
economic and social stress of exaggerated female pain becomes 
more apparent, and the interest and need to research the etiol- 
ogy and management of chronic pain becomes more demanding 
(Casey and Dubner, 1989), there is an evident need to develop 
animal pain models that not only better reflect the heterogeneity 
of clinical chronic pain, but that are also capable of reducing the 
extent of animal suffering. 

One of the most established chronic pain models is the CCI 
of the sciatic nerve model developed by Bennett and Xie (1988). 
Despite the wide application of this rodent pain method within 
the preclinical chronic pain literature, one key limitation is the 
binary all-or-none nature of the model. That is, the typical exper- 
imental design consists of a sham control that displays minimal 
alteration in mechanical allodynia, and the four chromic gut 
suture CCI group that display statistically significant and often 
maximal responses on a behavioral measure such as the von 
Frey test. Considering human chronic pain is derived from het- 
erogeneous injuries, ranging from mild to severe, a model that 
deliberately generates only marked allodynia in itself is not a true 
representation of clinical pain (Grace et al., 2010) and is also 
unable to detect heterogeneity in the pain response. However, the 
recent development of a modified CCI model has been shown to 
successfully produce graded allodynia in male rodents, through 
variation in the number of sutures tied around the sciatic nerve 
(Grace et al, 2010). This innovative chronic pain model devel- 
oped by Grace and colleagues not only better replicates the 
heterogeneous magnitude of triggers of chronic pain, but is able 
to detect a heterogenous pain response owing to differing degrees 
of pathology, that may provide further investigations a new and 
improved means to preclinically investigate sex differences in pain 
sensitivity without having to inflict maximal allodynia. 



This study aimed to investigate for the first time the role of sex 
and oestrus cycle in a graded sciatic CCI pain model that produces 
heterogeneous degrees of mechanical allodynia. Additionally, the 
von Frey testing approach employed to assess mechanical allo- 
dynia was also examined combined with trialing of different 
statistical analysis approaches. 

METHODS 
SUBJECTS 

Pathogen-free adult male and female Sprague-Dawley rats 
(300-350 g; University of Adelaide, Laboratory Animal Services, 
Waite Campus, Urrbrae, Australia) were utilized in all experi- 
ments in this study. Rats were housed in temperature- (18-21°C) 
and light-controlled (12h light/ dark cycle; lights on at 07:00 h) 
rooms where standard rodent food and water was available ad- 
libitum. Preceding experimentation, rats were habituated to the 
animal holding care facility for 1 week, followed by 1 week 
of extensive experimenter handling and acclimatization to the 
von Frey testing apparatus in order to reduce successive han- 
dling stress. All procedures were approved by the Animal Ethics 
Committee of the University of Adelaide and were performed in 
accordance with the NHMRC Australian code of practice for the 
care and use of animals for scientific purposes and adhered to the 
guidelines of the Committee for Research and Ethical Issues of 
the IASP. 

GROUPS AND DESIGN 

This study utilized a novel graded sciatic nerve injury model of 
allodynia (Grace et al., 2010), a modified CCI model in the rat 
(Bennett and Xie, 1988), where 0, 1, 3, or 4 chromic gut sutures 
were placed around the sciatic nerve (N), to develop graded 
behavioral allodynia (varying degrees of allodynia) as described 
in detail previously (Grace et al., 2010). To ensure the systemic 
chromic gut challenge was equivalent between animals (Maves 
et al., 1993), additional equivalent chromic gut lengths were 
placed subcutaneously (S) over the hip, enabling each treated ani- 
mal to be exposed to a total of four equivalent chromic gut pieces. 
Consequently, the treatment groups included N0S0, N0S4, N1S3, 
N3S1, and N4S0 animals, with eight males and eight females in 
each treatment group. Male and female rodents were followed to 
postoperative (PO) day 21 to determine whether the extent of 
nerve injury (number of chromic gut pieces around the sciatic 
nerve) modified the degree of allodynia. 

PRE-SURGICAL AND TEST PROCEDURES 

Prior to CCI surgery and behavioral testing, a vaginal smear was 
taken from female rats using the common pipette smear tech- 
nique to determine oestrus cycle phase (Marcondes et al., 2002). 
Smears were taken from eight females per phase, with results gen- 
erated from a minimum of four consecutive oestrus cycles, with 
males "matched" according to assigned animal number and tested 
on the corresponding female test day. Vaginal smears were taken 
between 0800 and 1000 each testing and surgical day to minimize 
the incidence of transitional or "missed" stages (Sahar et al., 1997; 
Goldman et al, 2007). The four stages of the oestrous cycle pro- 
oestrus (pro), oestrus (oest), metoestrus (met), and dioestrus (di) 
could be recognized by the presence, absence or proportion of 
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epithelial, cornified, and leucocyte cells (Goldman et al., 2007). 
In an attempt to replicate the small amount of stress experienced 
by female rats during the smear procedure, male rats were given a 
parallel injection of 1 ml/kg isotonic saline intraperitoneally. 

CHRONIC CONSTRICTION INJURY SURGERY 

The CCI model of chronic pain was performed at the mid-thigh 
level of the left hindleg as previously described (Grace et al., 
2010). Rats were anaesthetized with isoflurane (3% in oxygen), 
fur shaved over the left mid-thigh and the skin cleaned. The sci- 
atic nerve was aseptically exposed and isolated at mid-thigh level. 
One, three, or four loose chromic gut suture ligatures (cuticular 
4-0 chromic gut, FS-2; Ethicon, Somerville, NJ, USA) were placed 
around the sciatic and once the superficial muscle overlying the 
nerve was sutured, additional chromic gut was placed subcuta- 
neously. Whilst rescue opioid analgesia was on hand to administer 
to animals following surgery if an adverse event occurred, no 
such additional analgesia was provided following surgery, as 
commonly employed opioids have recently been demonstrated 
to exacerbate nerve injury-induced mechanical hypersensitivity 
(Watkins et al., 2009). Animals were monitored postoperatively 
until fully ambulatory prior to return to their homecage and 
checked daily for any sign of infection. No such cases occurred 
in this study. 

ALLODYNIA BEHAVIOR ASSESSMENT 

Throughout the study, testing was performed blind with regard to 
group assignment and oestrus cycle phase. Three diverse von Frey 
approaches were assessed in both male and female rats. All ani- 
mals were examined using each von Frey technique, with each test 
separated by at least 2 h. Each von Frey test examined mechanical 
allodynia utilizing von Frey filaments across a range of thresh- 
olds in a sustained or phasic fashion, von Frey analyses examined 
in this study included: the classical 8-S method (Milligan et al., 

2000) and Colburn method (Colburn et al., 1997) (henceforward 
termed Tests 1 and 2 respectively) introduced in detail below, 
in addition to a different von Frey approach, which combined 
aspects of Tests 1 and 2 using lower threshold stimuli, henceforth 
termed Test 3. For all von Frey techniques, testing was performed 
within the sciatic innervation region of the hindpaws as previ- 
ously described in detail (Chacur et al., 2001; Milligan et al., 

2001) . Allodynia was characterized in all three behavioral tests 
as an intense paw withdrawal or licking of the stimulated hind 
paw. Assessments were made before surgery (baseline) and on 
postoperative days 3, 7, 10, 14, 17, and 21. 

8-S von Frey method (Test 1) 

This test was performed as described previously (Milligan et al., 
2000). Briefly, a logarithmic series of 10 calibrated Semmes- 
Weinstein monofilaments (von Frey filaments; Stoelting, Wood 
Dale, IL, USA) were applied for 8 s randomly to the left and 
right hindpaws of all animals in order to characterize the thresh- 
old stimulus intensity necessary to produce a paw withdrawal 
response. Log stiffness of the filaments was determined by logio 
(milligrams x 10) and ranged from manufacturer designated 2.83 
(0.07 g) to 5.18 (15.136 g) filaments. Behavioral responses were 
used to calculate absolute threshold (the 50% paw withdrawal 



threshold) by fitting a Gaussian integral psychometric func- 
tion using a maximum-likelihood fitting method (Harvey, 1997; 
Treutwein and Strasburger, 1999) as described previously by 
Milligan et al. (2000, 2001). 

Colburn von Frey method (Test 2) 

Mechanical allodynia was also assessed utilizing a von Frey test 
which employed phasic application of stimulus at 2 point esti- 
mates along the rodent von Frey logarithmic force scale (the 
Colburn method; Test 2) (Colburn et al., 1997). Following previ- 
ous pain investigations, all rodents were assessed for mechanical 
allodynia utilizing a 2 and 12 g von Frey filament (von Frey fil- 
aments; Stoelting, Wood Dale, IL, USA), which were applied 
within the sciatic innervation region of the left and right hind 
paws. Rats were subjected to a series of three sets of ten stim- 
ulations per filament, with filaments applied at 1 s intervals. 
lOmin break was provided in between each set of stimulations 
to avoid sensitization (Tanga et al, 2004). Behavioral responses 
were recorded as the average number of responses out of 30 for 
either the 2 or 12 g stimulus. 

von Frey Test 3 

By combining aspects of von Frey Tests 1 and 2, von Frey Test 
3 investigated mechanical allodynia using phasic stimulation of 
von Frey filaments across a range of thresholds, including lower 
threshold filaments than those usually examined. Briefly, rats 
were subjected to 10 stimulations with 6 calibrated von Frey fila- 
ments (2.83, 0.07; 3.61, 0.40; 4.08, 1; 4.31, 2; 4.74, 6; 5.07, 10 g), 
chosen from the series of 10 utilized in von Frey Test 1. von Frey 
filaments were applied for 1 s at 1 s intervals. Filaments were not 
applied in ascending order of force, but rather random assign- 
ment each test session. In order to avoid sensitization, lOmin 
break was given between each set of stimulations, with 10 stim- 
ulations per filament, von Frey Test 3 investigated the response 
frequency at each von Frey filament and behavioral responses 
were recorded as the average number of responses out of 10 for 
each von Frey stimulus. 

Results for all three von Frey tests that are provided fol- 
lowing nerve injury are at the timepoint where allodynia was 
demonstrated stable (days 17-21). 

STATISTICS 

For each of the von Frey tests, 1, 2, and 3, the relationship 
between the percent response and the variables sex, oestrus 
cycle phase, von Frey filament stimulus and surgery was assessed 
using linear modeling fitted using the statistical package R (R 
Development Core Team, 2011) via the graphical user interface: 
Rstudio (RStudio). 

Initially a linear model was fitted that aimed to predict the per- 
cent response (number of positive responses out of a maximum 
of 30 (von Frey Test 2) or 10 (von Frey Test 3) by using the pre- 
dictors sex, oestrus cycle phase, von Frey filament stimulus and 
surgery. The goal was to estimate the average increase in percent 
response for each increase in von Frey filament stiffness. We also 
wanted to estimate how this average increase is influenced by the 
various levels of sex, oestous cycle phase and surgery. As well, a 
modified linear modeling method was used, called mixed effect 
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linear models, that had an extra term to account for the fact that 
we had repeated measures on the rats. This method allows us to 
account for the variation seen in the percent response both within 
and between the rats. Believing that there was a possibility for the 
influence of surgery and oestrous to depend on the rat's sex, we 
also added two terms to account for these interactions. The initial 
model (Ml) was, therefore, 

response ~ sex + oestrus + surgery + von 
Frey stiffness + sex:oestrus + sex:surgery 
+ d|rat) 

where response is the response rate expressed as a percentage 
(% response), sex is male or female, oestrus is pro-oestrus, 
oestrus, metoestrus or dioestrus, surgery is NOSO, N0S4, N1S3, 
N3S1, N4S0, von Frey stiffness is 1-6 and rat is the unique rat ID. 

The model was fitted using the lmer() function from the lme4 
package in R. The code is available on request from the authors. 

An example R input would appear as: 

Ml <- Imer (response ~ sex + oestrus + 
surgery + von-Frey stiffness + sex: oestrus 
+ sex:surgery + (l|rat), data=data) 
summary (Ml ) 

To ensure the simplest model to predict the percent response, the 
initial model (Ml) was tested to assess if any for the predictors 
could be removed as there are not statistically significant predic- 
tors. The ability of the model to predict the percent response was 
measured using the Akaike's Information Criterion (AIC). The 
AIC measures how well the model fits the observations with a 
penalty term for the number of terms in the model. The penalty 
term is to try and ensure the most parsimonious model. Each pre- 
dictor was removed from the model and the AIC measured to see 
if this caused a change in the AIC. The model with the small- 
est AIC was chosen. This process is repeated until the simplest 
model that predicts the percent response the best is obtained. This 
process is automated by the stepAICQ function from the MASS 
package (Venables and Ripley, 2002). This procedure indicated 
that none of the predictors could be removed without reducing 
the predictive ability of the model. 

There is controversy regarding P-values for mixed effects mod- 
els (Bates, 2006) and thus, we report observed f-values rather 
than P-values and use an observed f -value with absolute value 
of less than negative two or greater than two to indicate statis- 
tical significance. Owing to the statistical power of the model 
statistically significant but behaviorally small differences can be 
identified. As such, we only report statistical differences that are 
behaviorally relevant, representing for Test 2 a difference in per- 
centage response of greater than 3.3, and 1.6% for von Frey 
test 3, as this represents a change in 1 response out of 10 on 
the tests. 

To further elucidate differences in allodynia (percentage 
response) and each of the predictors (sex, oestrous cycle phase, 
surgery and von Frey filament stimulus), subsets of the data 
were considered (e.g., males only) and models fitted that pre- 
dicted percent response for each of the predictors individually. 



Again the model used accounted for the repeated measures obtain 
from each rat. 

An example R input of such subsets to investigate certain 
predictors: 

Example 1. In order to investigate the effect of the female 
rodent oestrus cycle, male rodent data was excluded from the 
analysis. Below if the example R input in order to investigate this 
predictor individually: 

# Model data excluding males: specifically 
investigating the effect of the oestrus 
cycle predictor: 

Ml<- lmer (response- (von Frey stiffness/ 
surgery/sex/ (oestrus) + (l|rat), data=subset 
(data, sex== ' female ') ) 
summary (Ml ) 

where response is the response rate expressed as a percent- 
age (% response), sex is female, oestrus is pro-oestrus, oestrus, 
metoestrus or dioestrus, surgery is NOSO, N0S4, N1S3, N3S1, 
N4S0, von Frey stiffness is 1-6 and rat is the unique rat ID. 

von Frey Test 2 was also examined using two different 
approaches. For each predictor (sex, oestrous cycle phase, surgery 
and von Frey filament stimulus), the difference between the allo- 
dynia (percentage response for the 2 g von Frey filament) for each 
level of the predictor was estimated. This was also repeated for 
the 12 g von Frey filament. Alternatively, an analysis model for 
covariance approach was utilized to assess the difference in inter- 
cept and slopes for linear regression lines fitted with allodynia 
(percentage response) as the response variable and von Frey fila- 
ment stiffness as the predictor, with difference regression lines for 
each level of the fixed effect. The different approaches are equiva- 
lent but give difference contexts to compare the levels of the fixed 
effects. 

RESULTS 

EXPERIMENT 1: IMPORTANCE OF von Frey APPROACH: CHOICE OF von 
Frey TEST DETERMINES SEX DIFFERENCE AT BASELINE 

Statistical differences for covariates generated utilizing von Frey 
Test 1 are expressed as the average difference in absolute thresh- 
old (the 50% paw withdrawal threshold). Investigating the role 
of sex in the graded nerve injury model revealed the inability 
of this von Frey test to distinguish between a female rodent paw 
withdrawal that was indicative of allodynia, or a paw withdrawal 
arising from repeated filament stimulation. As a consequence, 
females tested utilizing von Frey Test 1 were found to respond 
at the lowest von Frey filament examined (0.04 g force) and dis- 
played extremely low absolute thresholds prior to nerve injury, 
responding significantly more than males prior to nerve injury 
(f = 14.0) (Figure 1). Accordingly, this von Frey technique failed 
to differentiate between factual observation (positive paw with- 
drawal) and the inference (pain) and as a consequence females 
were inappropriately deemed in pain, which did not resemble the 
factual scenario at baseline. In light of the inability to appro- 
priately determine a female paw withdrawal response, this sex 
difference was thereby rendered meaningless and further results 
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obtained using this von Frey approach are subsequently excluded 
from discussion. 

EXPERIMENT 2: von Frey TEST 2 DISPLAYS NO SEX DIFFERENCES AT 
BASELINE, REPLICATING HEALTHY HUMAN PAIN SEX DIFFERENCES 

Mechanical allodynia was examined using von Frey Test 2 
for the first time in a graded allodynia preclinical animal 



model. This study followed the traditional statistical approach 
whereby responses generated were independently exam- 
ined at the 2 and 12 g von Frey filaments (DeLeo and 
Rutkowski, 2000; Sweitzer et al., 2001; LaCroix-Fralish et al., 
2005a,b, 2006b). Results generated at individual von Frey 
filaments are expressed as the average difference in percent 
response. 

Prior to nerve injury, baseline responses generated by von 
Frey Test 2 reflected healthy male and female nociceptive thresh- 
olds, displaying no significant difference between the sexes 
(Saiiani and Greenspan, 2002; Sarlani et al., 2004). Matched 
male and female rodents were found to respond equivalently at 
both the 2 and 12 g von Frey filaments prior to nerve injury 
(2g, f = 0.20; 12 g, f = 0.43; Table 1), with the average dif- 
ference in percent response failing to reach behavioral signifi- 
cance (2g: 0.21%; 12 g: 0.42%; Table 1). Prior to nerve injury, 
this testing method further revealed the absence of an oestrus 
cycle effect. At baseline, female responses were unaffected by 
the rodent oestrus cycle, with an average percent difference in 
response of only 0.40% between phases at both the 2 g (f > —2 
but < 1.7, Table 2) and 12 g (t > -2 but <0.27, Table 3) von Frey 
filaments. 

von Frey TEST 2 REVEALS GRADED CHRONIC PAIN IN THE FEMALE RAT 

Application of von Frey Test 2 and statistical analysis at the 
independent 2 and 12 gram von Frey filaments demonstrated 
graded chronic pain for the first time in both the male and 
female rat. Increasing the number of sciatic sutures significantly 
increased the number of responses indicative of allodynia for 
bothsexes (2g:f < -4.4;12g:t < -11.0, Table 1). Furthermore, 
chromic gut itself was demonstrated to cause allodynia, with 
N0S4 males and females having significantly greater allodynia 
compared to N0S0 rats (f < —2.6, Table 1). Consequently, exam- 
ining responses at independent von Frey filaments replicated 
previous findings of a graded chronic pain model in the male 
rodent and demonstrated an allodynia dose-response relationship 
for the first time in females. 




Oestrus Cycle Phase 

FIGURE 1 | Inability of von Frey method 1 to replicate healthy human 
pain thresholds. Prior to nerve injury female mechanical allodynia was 
unable to be appropriately assessed utilizing the common 8-S method (von 
Frey Test 1 ). Results demonstrated the inability to distinguish female paw 
withdrawals indicative of allodynia, or those arising from repeated filament 
stimulation. Consequently, female rats displayed exceptionally low absolute 
thresholds compared to males across oestrus cycle phases prior to nerve 
injury (f = 14), contrasting healthy human pain thresholds. Assessments 
were made prior to CCI and behavioral responses were used to calculate 
absolute threshold (the 50% paw withdrawal threshold) by fitting a 
Gaussian integral psychometric function using a maximum-likelihood fitting 
method. A f-value of < —2 or >2 was determined statistically significant 
(p < 0.05). n = 8 per oestrus phase, per sex. Di, dioestrus; Met, 
metoestrus; Oest, oestrus; Pro, pro-oestrus. 



Table 1 | Traditional statistical analysis at independent von Frey Filaments for von Frey Test 2 revealed equivalent male and female baseline 
(Pre-Surgery) responses. 





2g Male 


2g Female 


2 g Difference 


2 g Is the sex 


12g Male 


12 g Female 


12 g Difference 


12 g Is the sex 




(% response) 


{% response) 


in percent 


difference 


{% response) 


(% response) 


in percent 


difference 








response (%) 


significant? 






response (%) 


significant? 








maleifemale 


(f =) maleifemale 






maleifemale 


(f =) maleifemale 


Pre-surgery 


3.8±0.12 


4.0±0.18 


0.21 


0.20 


9.0±0.18 


9.2±0.14 


-0.42 


-0.43 


N0S0 


4.6 ±0.23 


4.8±0.19 


0.21 


0.20 


9.2±0.12 


10.0±0.17 


-0.42 


-0.43 


N0S4 


9.4 ±0.21 


12.0±0.24 


-2.5 


-1.6 


11.0±0.24 


18.0±0.22 


-3.5 


-2.3 


N1S3 


14.0±0.31 


17.0±0.30 


-2.9 


-2.7 


26.0 ±0.33 


32.0 ±0.32 


-6.5 


-6.3 


N3S1 


27.0±0.31 


41.0±0.31 


-14.0 


-7.3 


38.0 ±0.22 


60.0 ±0.24 


-22.0 


-11.0 


N4S0 


36.0 ±0.38 


51.0 ±0.42 


-15.0 


-8.1 


52.0±0.31 


78.0 ±0.38 


-27.0 


-13.0 



Once allodynia became stable (days 17-21) N4S0 and N3S1 females were significantly more allodynic than matched males however, a significant sex difference 
was not confirmed for N1S3 rodents, failing to demonstrate this sex effect using the 2g von Frey filament. Results generated at individual von Frey filaments are 
expressed as the average difference in percent response, generated from the response rates (the percent response /30; Tables A 1, A2). A t-value of < —2or>2 
was determined statistically significant (p < 0.05) when difference in percentage response were greater than 3.3%. n = 8 per treatment group, per sex. N, number 
of sciatic sutures, S, number of subcutaneous sutures; g, grams force. 
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Table 2 | Traditional statistical analysis at the independent 2 g von Frey Filament for von Frey Test 2 revealed the absence of an oestrus cycle 
effect prior to nerve injury (Pre-Surgery). 





PRO:OEST 


PRO: MET 




PRO:DI 


OESTMET 


DhOEST 


DI:MET 




% 


t = 


% 


t = 


% 


f = 


% 


t = 


% 


t = 


% 


t = 


Pre-surgery 


-0.77 


-0.19 


-0.60 


-0.58 


-0.53 


0.15 


0.20 


-0.39 


-0.25 


-0.34 


0.051 


1.7 


NOSO 


0.30 


1.9 


1.1 


1.7 


0.80 


-0.8 


0.80 


1.7 


-0.51 


-0.83 


0.30 


1.5 


N0S4 


2.1 


1.0 


2.0 


1.7 


-1.1 


1.1 


-0.11 


-1.3 


3.2 


0.86 


3.1 


0.67 


N1S3 


5.1 


6.7 


5.8 


6.3 


0.51 


-0.60 


0.27 


-0.42 


7.6 


6.7 


7.3 


6.3 


N3S1 


1.2 


0.97 


1.2 


1.0 


-0.93 


-0.57 


-7.8 


1.1 


2.2 


-1.3 


2.2 


0.87 


N4S0 


0.70 


1.6 


3.1 


1.7 


-6.0 


-0.073 


2.7 


0.64 


2.7 


0.74 


2.3 


1.2 



Once allodynia became stable (days 17-21) females IN1S3) in pro-oestrus and dioestrus displayed heightened mechanical sensitivity. Results generated at individual 
von Frey filaments are expressed as the average difference in percent response, generated from the response rates (the percent response /30; Table A 1). A t-value 
of < —2 or >2 was determined statistically significant (p < 0.05) when difference in percentage response were greater than 3.3%. n= 8 per treatment group, per 
sex. N, number of sciatic sutures, S, number of subcutaneous sutures; g, grams force. %, the average difference in percent response; t =, is there a significant 
effect of oestrus cycle? 



Table 3 | Traditional statistical analysis at the independent 12 g von Frey Filament for von Frey Test 2 revealed the absence of an oestrus cycle 
effect prior to nerve injury (Pre-Surgery). 





PRO:OEST 


PRO: MET 




PRO:DI 


OESTMET 


Dl: OEST 


DI:MET 




% 


t = 


% 


t = 


% 


f = 


% 


t = 


% 


t = 


% 


t = 


Pre-surgery 


-1.7 


-0.39 


-1.3 


-0.29 


-1.1 


0.27 


0.44 


-0.79 


-0.48 


-0.64 


-0.10 


-1.3 


NOSO 


0.9 


0.42 


0.44 


1.2 


0.48 


-0.40 


0.54 


-0.71 


0.77 


0.32 


1.0 


1.3 


N0S4 


1.1 


2.1 


-0.11 


1.7 


-1.0 


0.90 


-1.6 


-0.71 


2.7 


0.22 


1.4 


2.4 


N1S3 


2.4 


2.2 


6.3 


3.7 


0.25 


1.2 


-0.18 


-0.24 


2.6 


1.9 


2.0 


3.1 


N3S1 


0.27 


0.19 


-2.7 


2.1 


-0.32 


0.14 


0.44 


1.7 


0.43 


-0.83 


0.43 


2.2 


N4S0 


0.12 


2.3 


0.81 


1.9 


-1.4 


0.024 


0.50 


0.92 


1.2 


2.1 


2.1 


2.1 



An oestrus cycle effect could not be conclusively established following nerve injury with females responding significantly more throughout pro-oestrus, but only 
when compared to metoestrus and no other cycle phase. Results generated at individual von Frey filaments are expressed as the average difference in percent 
response, generated from the response rates (the percent response /30; Table A2). A t-value of < —2 or>2 was determined statistically significant (p < 0.05) when 
difference in percentage response were greater than 3.3%. n = 8 per treatment group, per sex. n = 8 per oestrus phase. N, number of sciatic sutures; S, number of 
subcutaneous sutures; g, grams force. Di, dioestrus; Met, metoestrus; Oest, oestrus; Pro, pro-oestrus. %, the average difference in percent response; t =, is there 
a significant effect of oestrus cycle? 



ASSESSMENT OF MECHANICAL HYPERSENSITIVITY AT INDIVIDUAL 
von Frey FILAMENTS FAILS TO APPROPRIATELY INVESTIGATE THE 
ROLE OF SEX IN ALLODYNIA 

Sex differences in mechanical allodynia were subsequently exam- 
ined in the graded chronic pain model utilizing von Frey Test 2. 
When allodynia became stable, females (N4S0) were significantly 
more allodynic than matched males (2g: 15.0%, t = —8.1; 12 g: 
27.0%, t = —13.0, Table 1), replicating previous studies that have 
utilized the traditional CCI four-suture approach. This study fur- 
ther demonstrated for the first time a sex difference in moderately 
allodynic animals, with N3S1 females responding significantly 
more than matched N3S1 males (2g: 14.0% t = -7.3; 12 g: 
22.0%, t = —11.0, Table 1). This sex difference, however, was not 
conclusively established in N1S3 rodents, failing to refine pre- 
clinical chronic pain testing. Although N1S3 females were found 
significantly more allodynic than matched males when tested uti- 
lizing the 12 g von Frey filament (6.5%, t = —6.3, Table 1), this 
sex difference was not replicated with the 2 g filament (2.9%, 
f = -2.7, Table 1). 



INDEPENDENT FILAMENT ANALYSIS FAILS TO DETERMINE AN 
OESTRUS CYCLE EFFECT 

Traditional statistical analysis at independent von Frey filaments 
demonstrated the inability for von Frey Test 2 to conclusively 
demonstrate an oestrus cycle effect on female mechanical allody- 
nia following nerve injury. When allodynia became stable, females 
(N1S3) displayed heightened mechanical sensitivity throughout 
both dioestrus and pro-oestrus (2g: > 5.1%, f > 6.3, Table 2). 
These results however, were not replicated using the 12 g von Frey 
filament, where females responded significantly more throughout 
pro-oestrus, but only when compared to metoestrus and no other 
cycle phase (Pro:Met, 6.3%, t = 3.7, Table 3). 

INVESTIGATING THE ROLE OF SEX AND THE OESTRUS CYCLE USING 
von Frey METHOD 2: EXAMINING DIFFERENCES ACROSS von Frey 
FILAMENTS 

Considering the inability of von Frey Test 2 to conclusively estab- 
lish both sex and oestrus cycle differences using the traditional 
statistical approach whereby mechanical allodynia is assessed at 
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independent von Frey filaments, this study examined an alterna- 
tive statistical approach whereby the relationship between the two 
point estimates was examined (slope). Considering the ability to 
accurately estimate a difference in slope utilizing data from upper 
and lower limits of a scale, this study investigated the estimate of 
the slope of the linear relationship between the response and von 
Frey filament. Results are expressed as the percent difference in 
slope between the response and two von Frey filaments. 

Following an examination of a difference in slope, von Frey 
Test 2 revealed baseline rodent allodynia scores reflected healthy 
human pain thresholds (Sarlani and Greenspan, 2002; Sarlani 
et al, 2004), with males and females responding equivalently 
prior to nerve injury (male:female, —0.25%, f = —0.71, Table 4). 
Moreover, prior to nerve injury, the rodent oestrus cycle also 
failed to influence female allodynia scores, with less than a 1% dif- 
ference in slope between phases, replicating the findings at both 
the 2 and 12 g von Frey filaments (Section Experiment 2: von Frey 
Test 2 Displays No Sex Differences at Baseline, Replicating Healthy 
Human Pain Sex Differences) (f > — 1.1 but <1.4, Table 5). 

A graded allodynia response was also revealed when determin- 
ing a slope difference between pain treatment groups following 
nerve injury. Increasing the number of sciatic sutures was demon- 
strated to significantly increase the number of responses indica- 
tive of allodynia for both sexes (>11.0%, t< —5.6, Table4). 
This robust mechanical allodynia was observed in both male and 
female rats once allodynia became stable. 

Post nerve injury, von Frey Test 2 demonstrated females 
were considerably more allodynic than males in the graded 
nerve injury model. Once allodynia became stable, a signif- 
icant difference in slope was demonstrated between N4S0 



Table 4 | Responses generated from von Frey Test 2 were further used 
to examine the estimate of the slope of the linear relationship 
between the response and von Frey filament. 





Male 


Female 


Difference in 


Is the sex 




(% response) 


{% response) 


slope (%) 


difference 








maleifemale 


significant? 










(t=) 










maleifemale 


Pre-surgery 


6.4 


6.6 


-0.25 


-0.71 


N0S0 


7.1 


7.2 


-0.10 


-0.12 


N0S4 


12.0 


15.0 


-3.0 


-2.1 


N1S3 


20.0 


21.0 


-1.0 


-1.7 


N3S1 


33.0 


50.0 


-18.0 


-7.5 


N4S0 


44.0 


65.0 


-21.0 


-6.9 



This alternative statistical analysis revealed equivalent male and female 
responses prior to nerve injury (Pre-Surgery) however a sex difference was 
confirmed once allodynia became stable (days 17-21) where N3S1 and N4S0 
females were found significantly ore allodynic than matched males. Results are 
expressed as the percent difference in slope between the response and two von 
Frey filaments, generated from response rates (the percent response /30 across 
von Frey filaments; Table A3). A t-value of < —2 or > 2 was determined statisti- 
cally significant (p < 0.05) when difference in percentage response were greater 
than 3.3%. n = 8 per treatment group, per sex. N, number of sciatic sutures; S, 
number of subcutaneous sutures; g, grams force. 



(maleifemale, 21.0%, t = -6.9, Table 4) and N3S1 rats 
(maleifemale, 18.0%, t = — 7.5, Table 4). This sex difference 
however, was not demonstrated between N1S3 rodents (1.0%, 
t = —1.7, Table 4) and female rodent mechanical allodynia was 
further demonstrated unaffected by the oestrus cycle for all pain 
treatment groups (>-3.1% but <3.0%, t > —1.8 but <1.1; 
Table 5). 

EXPERIMENT 3: von Frey TEST 3: A BEHAVIORAL TECHNIQUE TO 
INVESTIGATE THE ROLE OF SEX AND THE RODENT OESTRUS CYCLE IN 
MECHANICAL HYPERSENSITIVITY 

von Frey Test 3 examined the relationship between the response 
and the force of the von Frey filament. Results generated by von 
Frey Test 3 are expressed as the percent difference in response per 
increase in von Frey hair stiffness. 

Utilizing von Frey Test 3, graded mechanical allodynia was 
established in both the male and female rat once allodynia became 
stable. Following nerve injury, increasing the number of sci- 
atic sutures significantly increased the level of allodynia in both 
rodent sexes (<— 1.6%, f > 4.9; Table 6, Figure2). Of particular 
importance, a significant differentiation was established between 
N0S0 and N0S4 males and females specifically, where N0S4 
rodents responded significantly more compared to N0S0 rats 
(>2.3%, t > 2.4, Table 6), indicating chromic gut itself causes 
allodynia. 

Prior to CCI, male and female rats examined using this von 
Frey testing method were found to respond equivalently, with an 
average difference in response per increase in von Frey hair stiff- 
ness of only 0.83% (Table 6, Figure 2), thereby replicating the 
clinical pain scenario. Female rodent mechanical allodynia was 
also demonstrated unaffected by the rodent oestrus cycle prior 
to nerve injury, with an average difference of merely 1% between 
phases (f > -1.5 but < 1.6, Table 7). 

In contrast to Test 2, von Frey Test 3 not only revealed a sex 
difference in mechanical sensitivity following nerve injury but 
further revealed the ability of the novel sciatic nerve injury model 
to refine the traditional CCI technique (Figure 3). Once allodynia 
became stable, application of von Frey testing method 3 revealed 
exacerbated clinical female pain, with a significant difference in 
response per increase in von Frey hair stiffness between N1S3 
and N3S1 males and females. For the first time, N1S3 females 
were found to respond 3.6 % more than matched males per von 
Frey filament (f = —3.4; Table 6, Figure 3A) and N3S1 females 
responding 3.4% more than matched males per von Frey fil- 
ament (f = —7.7; Table 6, Figure 3B). von Frey Test 3 further 
revealed a hormonal influence on female mechanical hypersen- 
sitivity once allodynia became stable. Unlike Test 2, this von Frey 
testing method revealed exacerbated female mechanical allodynia 
throughout the phases of dioestrus and pro-oestrus in both N1S3 
andN3Sl rodents (N1S3: >1.7%, t > 2.2;N3S1: >2.1%, t > 3.3, 
Table 7, Figure 4). 

DISCUSSION 

This study aimed to investigate for the first time the role of sex and 
oestrus cycle in a graded sciatic CCI pain model that produces 
heterogeneous degrees of mechanical allodynia. Additionally, 
the von Frey testing approach employed to assess mechanical 
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Table 5 | Examining the estimate of the slope of the linear relationship between the response and von Frey filament for von Frey Test 2 
revealed the absence of an oestrus cycle effect across all surgery groups. 





PRO:OEST 


PRO:MET 




PRO:DI 


OESTMET 


Dl: 


OEST 


DI:MET 




% 


t = 


% 


f = 


/o 


I — 


% 


f = 


/o 


I — 


10 


I — 


Pre-Surgery 


-0.44 


1.4 


-0.38 


-1.1 


-0.01 


8 -0.050 


0.059 


0.19 


0.29 


1.2 


-0.37 


1.1 


NOSO 


0.42 


0.29 


-0.56 


-0.51 


-1.3 


-1.1 


-0.11 


-0.10 


1.7 


-1.1 


-1.8 


-0.86 


N0S4 


2.4 


1.1 


0.10 


-1.2 


1.1 


-0.19 


-1.0 


-0.86 


0.11 


-1.80 


-0.91 


-0.97 


N1S3 


-1.8 


0.78 


-1.9 


-1.2 


1.1 


0.36 


-0.21 


-0.029 


-2.9 


-0.65 


-3.1 


-0.73 


N3S1 


-1.9 


-0.22 


-2.5 


-0.43 


-1.8 


-0.31 


-1.0 


-0.11 


-0.025 


-0.0030 


-1.08 


0.79 


N4S0 


-1.1 


-0.16 


2.7 


0.61 


1.8 


0.28 


-3.0 


0.71 


-3.0 


-0.40 


0.012 


0.32 



Results are expressed as the percent difference in slope between the response and two von Frey filaments, generated from response rates (the percent response /30 
across von Frey filaments; Table A3). A t-value of < —2 or >2 was determined statistically significant (p < 0. 05) when difference in percentage response were greater 
than 3.3%. n = 8 per treatment group, per sex. n = 8 per oestrus phase. N, number of sciatic sutures; S, number of subcutaneous sutures; g, grams force. Di, 
dioestrus; Met, metoestrus; Oest, oestrus; Pro, pro-oestrus. %, the average difference in percent response; t =, is there a significant effect of oestrus cycle? 



Table 6 | von Frey Test 3 examined the relationship between the 
response and the force of the von Frey filament, across a range of 
filaments. 





Male (% 


Female (% 


Difference in 


Is the sex 




response) 


response) 


response per 
increase in von 
Frey hair 
stiffness 
maleifemale 


difference 
significant? 
maleifemale 


Pre-surgery 


3.9±0.11 


4.7±0.10 


-0.83 


-1.1 


NOSO 


4.0 ±0.23 


4.9 ±0.28 


-0.64 


-1.8 


N0S4 


6.3 ±0.24 


8.1 ±0.30 


0.80 


-1.6 


N1S3 


6.4 ±0.29 


10.1 ±0.30 


-3.6 


-3.4 


N3S1 


8.6 ±0.32 


12.0±0.30 


-3.4 


-7.7 


N4S0 


12.1 ±0.48 


13.6±0.50 


-1.5 


-1.7 



Prior to nerve injury (Pre-Surgery), von Frey Test 3 determined equivalent male 
and female responses. Once allodynia became stable (days 17-21) a sex differ- 
ence was established, with N1 S3 and N3S1 females significantly more allodynic 
than matched males. Results generated by von Frey Test 3 are expressed as the 
percent difference in response per increase in von Frey hair stiffness, generated 
from the estimated increase in percent response per increase in von Frey stiff- 
ness; Table A4. A t-value of < —2or>2 was determined statistically significant 
(p < 0.05) when differences in percentage response were greater than 1.6%. 
n = 8 per treatment group, per sex. N, number of sciatic sutures; S, number of 
subcutaneous sutures; g, grams force. 

allodynia was also examined combined with trialing of different 
statistical analysis approaches. 

This aim was successfully achieved utilizing a modified von 
Frey testing approach, accompanied by unique statistical analy- 
sis. Here we demonstrated that testing the number of responses 
out of 10 tests across all 6 von Frey hairs in N1S3 sciatic injury 
was sufficient to observe significant sex and oestrous phase 
effects. In contrast, the other two approaches were not able to 
achieve this degree of behavioral sensitivity. Importantly, the 
use of the graded constriction injury identified that the cur- 
rent four suture model produces unnecessary maximal allodynia 



with similar conclusions able to be drawn employing only one 
suture. 

In order to preclinically investigate the mechanisms underly- 
ing the female prevalence of chronic pain, studies need to employ 
models and behavioral testing methods that best replicate the 
clinical scenario. To examine sex differences in chronic pain uti- 
lizing the novel graded sciatic nerve injury model, this study 
investigated male and female mechanical nociception using three 
von Frey testing approaches. Despite numerous studies exploit- 
ing the technique of von Frey to investigate rodent mechanical 
hypersensitivity, this study revealed the profound differences in 
conclusions that can be drawn from the use of different von Frey 
procedures, as well as the importance of the statistical approach 
to investigate female rodent mechanical hypersensitivity. 

Experiment 1 investigated the role of sex prior to nerve injury 
utilizing von Frey Test 1. This study demonstrated the inabil- 
ity of this test to appropriately infer female pain from a positive 
paw withdrawal given that females were erroneously found sig- 
nificantly more allodynic than males. Since adapted by Milligan 
et al. (2000), von Frey Test 1 has successfully investigated both 
the attenuation and the exacerbation of male mechanical hyper- 
sensitivity (Milligan et al, 2003, 2004; Ledeboer et al, 2005; 
Hutchinson et al, 2008, 2009, 2010; Grace et al, 2010; Loram 
et al., 2011). To our knowledge however, within the very few 
investigations that have utilized this particular von Frey test to 
examine sex differences in chronic pain, some have also reported 
non-sensically high female baseline mechanical thresholds (prior 
to any pharmacological, genetic or surgical intervention). Such 
was demonstrated in a study by Mogil and Colleagues investi- 
gating sex differences in mechanical allodynia in C57BL/6 mice 
utilizing a comparable von Frey technique (Mogil et al, 2006). 
In our study, observed higher baseline female activity misinter- 
preted by this particular application of von Frey as a pain response 
may potentially elucidate lower female mechanical thresholds 
compared with males. Interestingly, in a discussion of the issues 
associated with monofilament pain testing, Bove identifies that 
the application of sustained filament stimuli may in fact be 
examining different sensory modalities such as itch, rather than 
pain (Bove, 2006). Considering the already known translatability 
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FIGURE 2 | von Frey test 3 demonstrates the ability to investigate 
chronic pain mechanisms without inflicting maximal pain. 

Appropriately investigating the role of sex in chronic pain became 
possible utilizing von Frey Test 3. Using this adapted behavioral test this 
study demonstrated the successful generation of a graded chronic pain 
model in both the male and female rat. Increasing the number of sciatic 
sutures was found to significantly increase the percentage response rate 
per von Frey filament in both males (A) and females (B) (< —1.6%, 
f>4.9). Illustrating refinement of the traditional CCI procedure, females 
(N1S3, N3S1) were demonstrated statistically more allodynic than males 



without having to inflict maximal pain (f=— 3.4) when investigating the 
difference in percent response per increase in von Frey filament stiffness, 
von Frey Test 3 data is presented as a 3D surface plot of the response 
rate out of 10, recorded as a percentage. 3D surface plots were 
generated using the R Studio lattice package. Results were analyzed 
utilizing repeated measures linear mixed effects modeling. A f-value 
of < —2 or >2 was determined statistically significant (p < 0.05). n = 8 
per treatment group, per sex. von Frey filaments: 6: 10, 5: 6, 4: 2, 3: 
0.6, 2: 0.4, 1: 0.07 g. N, number of sciatic sutures; S, number of 
subcutaneous sutures; g, grams force. 



Table 7 | von Frey Test 3 examined the relationship between the response and the force of the von Frey filament, across a range of filaments. 



PRO:OEST PROiMET PRO:DI OESTiMET Dl: OEST DI:MET 



% t= % (= % f = % t= % f = % t = 



Pre-Surgery 


-0.83 


-0.88 


-1.43 


-1.5 


-0.95 


-0.83 


0.59 


0.69 


0.20 


0.98 


-0.4 


1.6 


N0S0 


0.10 


-0.68 


-0.10 


-1.2 


0.20 


-0.68 


-0.20 


0.45 


1.1 


-0.67 


0.9 


1.2 


N0S4 


-1.1 


-1.1 


-0.60 


-0.63 


-1.0 


-0.34 


0.50 


0.60 


-0.80 


-0.94 


-0.30 


-0.40 


N1S3 


1.7 


2.2 


2.1 


2.4 


0.20 


-0.020 


0.40 


0.49 


2.0 


2.6 


1.9 


2.4 


N3S1 


2.1 


3.5 


2.9 


3.4 


0.097 


0.12 


-0.80 


-1.4 


2.1 


3.3 


3.0 


3.0 


N4S0 


1.0 


1.3 


1.0 


0.39 


1.0 


0.74 


0.010 


-0.94 


0.013 


0.60 


-0.012 


-0.40 



Prior to nerve injury (Pre-Surgery), the rodent oestrus cycle did not influence female rodent responses. Following nerve injury, once allodynia became stable (days 
17-21) von Frey Test 3 revealed an oestrus cycle effect, with N1S3 and N3S1 females significantly more allodynic throughout pro-oestrus and dioestrus. Results 
generated by von Frey Test 3 are expressed as the percent difference in response per increase in von Frey hair stiffness, generated from the estimated increase 
in percent response per increase in von Frey stiffness; Table A4. A t-value of < —2 or >2 was determined statistically significant (p < 0.05) when differences in 
percentage response were greater than 1.6%. n = 8 per oestrus phase. N, number of sciatic sutures; S, number of subcutaneous sutures; g, grams force. Di, 
dioestrus; Met, metoestrus; Oest, oestrus; Pro, pro-oestrus. %, the average difference in percent response; t=, is there a significant effect of oestrus cycle? 



issues associated with preclinical animal pain studies, the contin- 
ued use of behavioral paradigms that fail to appropriately infer 
pain casts further doubt on the validity of animal pain studies 
(Mogil, 2009). As a direct result, this study questions the valid- 
ity of this method's use in future pain investigations examining 
female mechanical allodynia. 

Although previously utilized by chronic pain investigations 
to examine rodent mechanical allodynia, this study employed 
von Frey Test 2 for the first time in a graded allodynia preclin- 
ical animal model to investigate the role of sex and the rodent 



oestrus cycle. Following the traditional statistical approach to 
this method whereby allodynia was examined at two indepen- 
dent von Frey filaments, a large degree of variability between von 
Frey hairs led to the need for an alternative statistical analysis. 
Although the majority of chronic pain investigations conven- 
tionally analyse mechanical allodynia using a logistic equation 
(using essential features of the stimulus response function such 
as the maximal response, the response threshold and the 50% 
of maximal response), data generated from von Frey Test 2 at 
only two points along the von Frey logarithmic force scale did 
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FIGURE 3 | von Frey test 3: a behavioral technique refining the 
investigation of the role of sex and rodent oestrus cycle in 
mechanical hypersensitivity. Through to 21 days following nerve injury, 
von Frey Test 3 was the sole behavioral testing method examined that 
identified a contributing role of sex and oestrus cycle in female 
mechanical allodynia examined in the graded nerve injury model. N1S3 
females were found significantly more allodynic than matched males 



(A) and the same was found for N3S1 female rodents (B). Results 
generated by von Frey Test 3 are expressed as the percent difference in 
response per increase in von Frey hair stiffness. Results were analyzed 
utilizing repeated measures linear mixed effects modeling. A f-value 
of < —2 or >2 was determined statistically significant (p < 0.05). n = 8 
per treatment group, per sex. N, number of sciatic sutures; S, number of 
subcutaneous sutures; g, grams force. 



not permit this conventional statistical analysis (owing to the lack 
of data). Rather the estimates generated from upper and lower 
limits of this scale enabled the capacity to accurately estimate the 
slope between response and von Frey filament. In doing so, this 
unconventional statistical approach provided an improved means 
to investigate the relationship between the sexes and oestrus 
cycle phases. To our knowledge this study is the first to exam- 
ine a difference in slope in rodent mechanical allodynia. Using 
this alternative statistical approach, significantly greater female 
mechanical hypersensitivity was demonstrated in N3S1 recipi- 
ents post neuropathic injury, replicating previous findings in an 
array of animal chronic pain models (Coyle et al., 1995; DeLeo 
and Rutkowski, 2000; LaCroix-Fralish et al., 2005a,b; Li et al., 
2009). Despite bypassing the large degree of inconsistency asso- 
ciated with a point estimate approach, examining a difference in 
slope failed to demonstrate well-founded sex differences in N1S3 
rats as well as an oestrus cycle effect in all pain treatment groups 
post neuropathic injury. 

In the interest of continuing preclinical animal pain research 
the global aim of this study was to investigate male and female 
mechanical nociception in a model capable of reducing ani- 
mal suffering compared to existing models. As demonstrated in 
Experiment 3, von Frey Test 3 was the only testing method to 
reveal the ability of the novel sciatic nerve injury model to refine 
the traditional CCI technique, firmly establishing sex and oestrus 



cycle differences in less allodynic rodents (N1S3 subjects). In 
order to compare the findings between von Frey Tests 2 and 3, 
and distinguish where von Frey Test 3 in fact identified sex and 
oestrus cycle differences that Test 2 was unable to detect, this study 
unconventionally examined the relationship (slope) between the 
response and the force of the von Frey filament for responses gen- 
erated by von Frey Test 3. As previously mentioned, historically, 
chronic pain investigations conventionally use a logistic approach 
(reporting maximal response, the response threshold and the 50% 
of maximal response). Although von Frey Test 3 could have been 
statistically examined conventionally, and may be examined as 
such in future investigations, this was not possible with von Frey 
Test 2 (see above). Consequently, in order to make comparisons 
between the two von Frey methods, von Frey Test 3 investigated 
the relationship between the response and the force of the von 
Frey filament (the slope). 

The inability of von Frey Method 2 to refine preclinical chronic 
pain testing, failing to identify sex and oestrus cycle differences in 
less allodync animals, upon further analysis came as a result of 
testing at the high end of the von Frey logarithmic force scale. 
Parameterization of results generated by von Frey Test 3 revealed 
the particular von Frey filaments at which sex and oestrus cycle 
where statistical differences occurred, with numerous filaments 
at the low end of the von Frey logarithmic force scale found to 
contribute to the overall statistical effects of this von Frey test 
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FIGURE 4 | Exacerbated female pain is influenced by the rodent 
oestrus cycle, von Frey Test 3 demonstrated female mechanical allodynia 
was heavily dependent on the rodent oestrus cycle. Post nerve injury, 
moderate pain females (N3S1) were significantly more allodynic during 
dioestrus and pro-oestrus f = —7.7. The data presented is generated from 
von Frey Test 3. Results generated by von Frey Test 3 are expressed as the 
percent difference in response per increase in von Frey hair stiffness. 
Results were analyzed utilizing repeated measures linear mixed effects 
modeling. A f-value of < —2 or >2 was determined statistically significant 
(p < 0.05). n = 8 per treatment group, von Frey filaments: 6: 10, 5:6, 4: 2, 3: 
1.0, 2: 0.4, 1: 0.07 g. Di, dioestrus; met, metoestrus; oest, oestrus; pro, 
pro-oestrus. 



(Table 8). The ability to assess the effect of covariates on the allo- 
dynia response for a range of von Frey filaments is not achievable 
using von Frey Test 2, where differences can only be assessed at 
the two point estimates or by inferring differences for von Frey 
filaments between these values on interpolation based on the 
assumption of linearity. Consequently, parameterization revealed 
the advantages of testing over a range of von Frey filaments, most 
importantly lower threshold filaments when examining female 
rodent mechanical sensitivity, emphasizing the effectiveness of 
von Frey Test 3. 

It is hypothesized that poorly translatable preclinical method- 
ologies are partly responsible for the incomplete understanding 
of exacerbated female pain. Therefore, chronic pain investiga- 
tions need to utilize methods which best replicate the clinical pain 
scenario. Although studies examining sex differences in mechan- 
ical pain thresholds have yielded variable findings, investigations 
using phasic noxious stimuli consistently demonstrate equivalent 



healthy male and female thresholds (Sarlani and Greenspan, 2002; 
Sarlani et al, 2004). Application of phasic rather than sustained 
noxious force utilsing von Frey Tests 2 and 3 duplicated such 
clinical findings, with both male and female rodents respond- 
ing equivalently prior to neuropathic injury. Although both von 
Frey tests revealed the ability to detect heterogenous chronic pain 
with the level of mechanical allodynia found proportional to the 
number of sciatic sutures, as previously mentioned the adapted 
von Frey Test 3 was the only method to demonstrate exacerbated 
female mechanical hypersensitivity in recipients with significantly 
reduced pain (N1S3 recipients) or demonstrate that the rodent 
oestrus cycle influenced female mechanical allodynia. 

Numerous avenues have been investigated to explain exagger- 
ated female pain. One theorized explanation of the differences 
in pain response between the sexes is the hormonal milieu. The 
sex steroids estrogens, androgens and progesterones are primarily 
produced by the gonads from cholesterol, where their receptors 
have a wide distribution in the body including throughout the 
central nervous system (CNS) (McEwen and Alves, 1999; Aloisi, 
2003; Craft, 2007). Oestrogen receptors specifically have been 
located in trigeminal neurons, dorsal root ganglion cells, as well 
as in brain areas such as the hypothalamus and the periaqueduc- 
tal gray (PAG) (Shughrue et al, 1997; Yang et al, 1998; Kruijver 
et al, 2003; Merchenthaler et al., 2004; Bereiter et al, 2005; 
Loyd and Murphy, 2008) suggesting estrogen influences on both 
ascending and descending nociceptive pathways. This divergent 
localization of estrogen receptors enables a variety of functional 
roles within the CNS, which are not limited to the regulation of 
reproductive behavior. Despite modulating pain-processing sys- 
tems such as the endogenous opioids (enkephalins) and GABA 
pathways (Amandusson et al., 1999; McEwen and Alves, 1999; 
Craft, 2007), the precise mechanisms underlying estrogen's role in 
pain remains unclear. Estrogens however, have also been demon- 
strated anti-inflamamtory, particular in vitro and are not the only 
sex hormones known to influence pain. Progesterone for exam- 
ple has also been demonstrated anti-inflamamtory in numerous 
diseases and in animal spinal cord injury models (Garcia-Ovejero 
et al., 2005; Muller and Kerschbaum, 2006; Labombarda et al., 
2011). Although great inconsistency remains in the literature, 
there appears to be a strong association between the steroid 
hormones and pain. 

Literature demonstrates prepubescent boys and girls display 
equal prevalence in the majority of chronic pain conditions, until 
puberty where a female prevalence is henceforward established 
until menopause (Ogura et al., 1985; Abu-Arefeh and Russell, 
1994; Lipton et al, 2001; Sonmez et al, 2001; Bigal et al, 2007). 
Numerous studies have also demonstrated fluctuating hypersen- 
sitivity throughout the female menstrual (LeResche et al., 2003; 
Pamuk and Cakir, 2005; Crawford et al., 2009) and rodent oestrus 
cycles (Frye et al., 1992; Kayser et al, 1996; Giamberardino et al., 
1997). Consequently, by assessing mechanical allodynia across a 
range of von Frey filaments using von Frey Test 3, this study's 
finding of an oestrus cycle effect replicates many other preclini- 
cal investigations as well as the clinical situation and indicates a 
hormonal sensitivity within the pain pathway. 

Until recently, neuronal mechanisms were thought to solely 
contribute to pathological pain (Nicotra et al., 2012). Our 
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Table 8 | The ability of von Frey test 3 to estimate differences in allodynia for diverse covariates across individual von Frey filaments. 



von Frey filament 
(grams force) 


Statistical sex effect 
[t < -2 or >2) N1S3 
subjects 


Statistical sex effect 
(f < -2 or >2) N3S1 
subjects 


Statistical oestrus effect 
[t < -2 or >2) N3S1 
subjects 


Statistical graded 
surgical effect 
[t < -2 or >2) 


Filament 1 (0.07) 






X 


X 


Filament 2 (0.4) 








X 


Filament 3 (1.0) 










Filament 4 (2.0) 




/ 






Filament 5 (6.0) 










Filament 6 (10.0) 











Parameterization of repeated measures linear mixed effects modeling exposed the specific von Frey filaments at which the adapted von Frey Test 3 demonstrated 
sex, oestrus cycle and surgical statistical differences. The modified von Frey technique demonstrated the successful generation of a graded chronic pain model by 
which sex differences were established for the first time in rodents with reduced pain, and the rodent oestrus cycle found to undoubtedly influence female pain 
(Section Experiment 3: von Frey Test 3: A Behavioral Technique to Investigate the Role of Sex and the Rodent Oestrus Cycle in Mechanical Hypersensitivity). The sole 
ability of this von Frey test to indisputably demonstrate such effects resulted from testing over a range of von Frey filaments. Parameterization revealed statistical 
differences at the low end of the von Frey logarithmic force scale, thereby demonstrating their contribution to the positive findings utilizing this method. The data 
presented is generated from von Frey Test 3. Results were analyzed utilizing repeated measures linear mixed effects modeling, where the repeated measures of 
the experimental design was also reparameterized using the contrast!) function in the contrast R package (Kuhn, 2011) and the glht() function in the multcomp R 
package (Hothorn et al., 2008). This enabled the assessment of the difference in the percentage responses for different levels of each fixed effect, sex, oestrous, 
surgery, for different weights of von Frey filaments. A t-value of < —2 or >2 was determined statistically significant (p < 0.05). To demonstrate the von Frey filaments 
at which statistical differences occured, / -indicate a positive finding, whereas X-signify the failure to determine a significant effect. n = 8 per treatment group, per 
sex. Smears were taken from eight females per phase, with results generated from a minimum of four consecutive oestrus cycles, von Frey filaments: 2.83: 0.07, 
3.61: 0.4, 4.08: 1, 4.31: 2, 4.74: 6, 5.07: 10. 



understanding of chronic pain pathophysiology however, has 
since developed, with non-neuronal immune cells now also 
known to play role in both the initiation and maintenance of 
chronic pain (Haydon, 2001; Milligan and Watkins, 2009; Grace 
et al, 2011). Recent evidence demonstrates not only an inter- 
action between steroid hormones and innate immune receptors 
known to play a role in chronic pain (Calippe et al., 2010; Loram 
et al., 2010), but exacerbated proinflammatory responses follow- 
ing steroid hormone-immune cell priming (Soucy et al, 2005; 
Rettew et al, 2009; Calippe et al., 2010). Considering the impor- 
tant role innate immune signaling plays in chronic pain process- 
ing, this interaction between neuroimmune function and the sex 
steroids may partially explain sex differences in pain sensitivity 
and requires further investigation (Nicotra et al., 2012). 

The importance of utilizing preclinical techniques capable of 
reducing animal pain and stress has become increasingly appar- 
ent through the stringent statutory policies governing animal 
use in pain research (Gad, 1990). With chronic pain investiga- 
tions in their very nature intentionally inflicting persistent pain, 
researchers face great difficulty in satisfying the Refinement cat- 
egory of the three R's unless ongoing refinement of experimental 
approaches continues. The ability of von Frey Test 3 to investigate 
both the role of sex and the influence of the rodent oestrus cycle 
utilizing the refined and novel graded model of neuropathy sug- 
gests that the use of the traditional CCI four-suture approach cre- 
ates unnecessary suffering for the animal. In addition to reducing 
animal suffering, this refined preclinical methodology may also 
lead to the discovery and development of new analgesics. Existing 
pain models are limited in their binomial approach reducing 
the statistical power to investigate underlying pain mechanisms. 
Unlike currently utilized two group, sham controlled, and hence 



binary in nature pain models, which are more likely to reveal 
effective analgesics for the treatment of severe pain, the graded 
nerve injury model has the ability to detect heterogeneous pain, 
specifically moderate reductions in allodynia thereby unveiling 
potential analgesics for a range of chronic pain patients (Grace 
et al., 2010). Although utilizing several animals in order to gener- 
ate the diverse pain treatment groups in this study, it is essential 
to note that this investigation extends the findings by Grace and 
Colleagues, demonstrating graded nerve injury in the female sex. 
In order to establish graded chronic pain for the first time in the 
female rodent, it was essential for this study to consider numer- 
ous pain treatment groups. The successful determination of sex 
and oestrus cycle effects without having to inflict maximal allo- 
dynia using von Frey Test 3, endorses the use of less allodynic 
animals in order to investigate chronic pain mechanisms in the 
future. Consequently therefore, although having to compromise 
the "Reduction" component of the three 3 R's in this particu- 
lar investigation, using von Frey Test 3 has allowed "Refinement" 
in future investigations without disturbing the "Reduction" con- 
stituent. Consequently, in the hope of discovering novel analgesics 
and to preserve the use of animals in pain studies, this study com- 
mends the use of the graded model of graded sciatic nerve injury, 
specifically recommending the use of less allodynic animals in fur- 
ther preclinical pain research and the use of von Frey Test 3, which 
proved sensitive enough to identify contributing factors that other 
common von Frey tests could not reveal. 

CONCLUSION 

To our knowledge, this study is the first to examine a role of sex 
and oestrus cycle in a refined heterogeneous allodynia model. In 
comparison to two commonly utilized von Frey testing methods, 
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the adapted von Frey Test 3 whereby mechanical allodynia was 
assessed utilizing phasic application of lower threshold filaments, 
alone demonstrated a role for sex and the rodent oestrus cycle in 
female mechanical allodynia, without having to inflict maximal 
pain. Considering the emphasis animal ethics committee's place 
on the three R's and the difficulty pain researchers face in satisfy- 
ing the "refinement" category to gain ethical approval, the ability 
to investigate chronic pain mechanisms using this modified von 
Frey approach in a model capable of inflicting less pain without 
compromising overall statistical significance is invaluable. 

ACKNOWLEDGMENTS 

Lauren Nicotra is the recipient of an Australian Postgraduate 
Award. Mark Hutchinson is an Australian Research Council 
Australian Research Fellow [DPI 10100297]. Peter M. Grace is a 
CJ Martin fellow. 

REFERENCES 

Abu-Arefeh, I., and Russell, G. (1994). Prevalence of headache and migraine in 
schoolchildren. Br, Med. J. 309, 765-769. doi: 10.1136/bmj.309.6957.765 

Aloisi, A. M. (2003). Gonadal hormones and sex differences in pain reactivity. Clin. 
]. Pain 19, 168-174. doi: 10.1097/00002508-200305000-00004 

Amandusson, A., Hallbeck, M., Hallbeck, A. L., Hermanson, O., and Blomqvist, A. 
(1999). Estrogen-induced alterations of spinal cord enkephalin gene expression. 
Pain 83, 243-248. doi: 10.1016/S0304-3959(99)00109-8 

Bates, D. (2006). Imer, p-values and all that. Available online at: https://stat.ethz. 
ch/pipermail/r-help/2006-May/094765.html 

Bennett, G. J., and Xie, Y. K. (1988). A peripheral mononeuropathy in rat that pro- 
duces disorders of pain sensation like those seen in man. Pain 33, 87-107. doi: 
10.1016/0304-3959(88)90209-6 

Bereiter, D. A., Cioffi, J. L., and Bereiter, D. F. (2005). Oestrogen receptor- 
immuno reactive neurons in the trigeminal sensory system of male and cycling 
female rats. Arch. Oral Biol. 50, 971-979. doi: 10.1016/j.archoralbio.2005.03.010 

Berge, O. G. (2011). Predictive validity of behavioural animal models for chronic 
pain. Br. J. Pharmacol. 164, 1195-1206. doi: 10.1111/j.l476-5381.2011.01300.x 

Bigal, M. E., Lipton, R. B., Winner, P., Reed, M. L., Diamond, S., and Stewart, W. 
F. (2007). Migraine in adolescents: association with socioeconomic status and 
family history. Neurology 69, 16-25. doi: 10.1212/01.wnl.0000265212.90735.64 

Bove, G. (2006). Mechanical sensory threshold testing using nylon monofilaments: 
the pain field's "tin standard." Pain 124, 13-17. doi: 10.1016/j.pain.2006.06.020 

Calippe, B., Douin-Echinard, V., Delpy, L., Laffargue, M., Lelu, K., Krust, A., et al. 
(2010). 17Beta-estradiol promotes TLR4-triggered proinflammatory mediator 
production through direct estrogen receptor alpha signaling in macrophages 
in vivo.}. Immunol. 185, 1169-1176. doi: 10.4049/jimmunol.0902383 

Carbone, L. (2012). The utility of basic animal research. Hastings Cent Rep. 
42(Suppl.), S12-S15. doi: 10.1002/hast.l01 

Casey, K. L., and Dubner, R. (1989). Animal models of chronic pain: scientific and 
ethical issues. Pain 38, 249-252. doi: 10.1016/0304-3959(89)90209-1 

Chacur, M., Milligan, E. D., Gazda, L. S., Armstrong, C., Wang, H., Tracey, K. 
J., et al. (2001). A new model of sciatic inflammatory neuritis (SIN): induc- 
tion of unilateral and bilateral mechanical allodynia following acute unilateral 
peri-sciatic immune activation in rats. Pain 94, 231-244. doi: 10.1016/S0304- 
3959(01)00354-2 

Colburn, R. W, DeLeo, J. A., Rickman, A. J., Yeager, M. P., Kwon, P., and Hickey, W. 
F. (1997). Dissociation of microglial activation and neuropathic pain behaviors 
following peripheral nerve injury in the rat. /. Neuroimmunol. 79, 163-175. doi: 
10.1016/S0165-5728(97)00119-7 

Coyle, D. E., Sehlhorst, C. S., and Mascari, C. (1995). Female rats are more 
susceptible to the development of neuropathic pain using the partial sciatic 
nerve ligation (PSNL) model. Neurosci. Lett. 186, 135-138. doi: 10.1016/0304- 
3940(95) 11304-F 

Craft, R. M. (2007). Modulation of pain by estrogens. Pain 132 (Suppl. 1), S3-S12. 

doi: 10.1016/j.pain.2007.09.028 
Crawford, M. J., Lehman, L., Slater, S., Kabbouche, M. A., LeCates, S. L., Segers, 

A., et al. (2009). Menstrual migraine in adolescents. Headache 49, 341-347. doi: 

10.1 1 1 l/j.l526-4610.2009.01347.x 



DeLeo, J. A., and Rutkowski, M. D. (2000). Gender differences in rat neuro- 
pathic pain sensitivity is dependent on strain. Neurosci. Lett. 282, 197-199. doi: 
10.1016/S0304-3940(00)00880-6 

Dubner, R. ( 1 987) . Research on pain mechanisms in animals. /. Am. Vet. Med. Assoc. 
191, 1273-1276. 

Fillingim, R. B., King, C. D., Ribeiro-Dasilva, M. C, Rahim-Williams, B., and 
Riley, J. L. 3rd. (2009). Sex, gender, and pain: a review of recent clinical and 
experimental findings. /. Pain 10, 447-485. doi: 10.1016/j.jpain.2008.12.001 

Frye, C. A., Bock, B. C, and Kanarek, R. B. (1992). Hormonal milieu affects tailflick 
latency in female rats and may be attenuated by access to sucrose. Physiol. Behav. 
52, 699-706. doi: 10.1016/0031-9384(92)90400-V 

Gad, S. C. (1990). Recent developments in replacing, reducing, and refining animal 
use in toxicologic research and testing. Fundam. Appl. Toxicol. 15, 8-16. doi: 
10.1016/0272-0590(90)90157-F 

Garcia-Ovejero, D., Azcoitia, I., Doncarlos, L. L., Melcangi, R. C, and Garcia- 
Segura, L. M. (2005). Glia-neuron crosstalk in the neuroprotective mecha- 
nisms of sex steroid hormones. Brain Res. Brain Res. Rev. 48, 273-286. doi: 
10.1016/j.brainresrev.2004.12.018 

Giamberardino, M. A., Affaitati, G., Valente, R., Iezzi, S., and Vecchiet L. (1997). 
Changes in visceral pain reactivity as a function of estrous cycle in female rats 
with artificial ureteral calculosis. Brain Res. 774, 234-238. doi: 10.1016/S0006- 
8993(97)81711-8 

Goldman, J. M., Murr, A. S., and Cooper, R. L. (2007). The rodent estrous cycle: 
characterization of vaginal cytology and its utility in toxicological studies. Birth 
Defects Res. B Dev. Reprod. Toxicol. 80, 84-97. doi: 10.1002/bdrb.20106 

Grace, P. M., Hutchinson, M. R., Manavis, J., Somogyi, A. A., and Rolan, P. E. 
(2010). A novel animal model of graded neuropathic pain: utility to investigate 
mechanisms of population heterogeneity. /. Neurosci. Methods 193, 47-53. doi: 
10.1016/j.jneumeth.2010.08.025 

Grace, P. M., Rolan, P. E., and Hutchinson, M. R. (2011). Peripheral immune con- 
tributions to the maintenance of central glial activation underlying neuropathic 
pain. Brain Behav. Immun. 25, 1322-1332. doi: 10.1016/j.bbi.201 1.04.003 

Harvey, L. O. Jr. (1997). Efficient estimation of sensory thresholds with ML-PEST. 
Spat. Vis. 11, 121-128. doi: 10.1163/156856897X00159 

Haydon, P. G. (2001). GLIA: listening and talking to the synapse. Nat. Rev. Neurosci. 
2, 185-193. doi: 10.1038/35058528 

Hothorn, T, Bretz, E, and Westfall, P. (2008). Simultaneous inference in general 
parametric models. Biom. J. 50, 346-363. doi: 10.1002/bimj.200810425 

Hurley, R. W., and Adams, M. C. (2008). Sex, gender, and pain: an 
overview of a complex field. Anesth. Analg. 107, 309-317. doi: 
10.1213/01.ane.0b013e31816ba437 

Hutchinson, M. R., Lewis, S. S., Coats, B. D., Rezvani, N., Zhang, Y, Wieseler, 
J. L., et al. (2010). Possible involvement of toll-like receptor 4/myeloid differ- 
entiation factor-2 activity of opioid inactive isomers causes spinal proinflam- 
mation and related behavioral consequences. Neuroscience 167, 880-893. doi: 
10.1016/j.neuroscience.2010.02.011 

Hutchinson, M. R., Ramos, K. M., Loram, L. C, Wieseler, J., Sholar, P. W., Kearney, 
J. J., et al. (2009). Evidence for a role of heat shock protein-90 in toll like recep- 
tor 4 mediated pain enhancement in rats. Neuroscience 164, 1821-1832. doi: 
10.1016/j.neuroscience.2009.09.046 

Hutchinson, M. R., Zhang, Y, Brown, K., Coats, B. D., Shridhar, M„ Sholar, P. 
W, et al. (2008). Non-stereoselective reversal of neuropathic pain by naloxone 
and naltrexone: involvement of toll-like receptor 4 (TLR4). Euro. J. Neurosci. 28, 
20-29. doi: 10.1111/j.l460-9568.2008.06321.x 

Kayser, V., Berkley, K. J., Keita, H., Gautron, M., and Guilbaud G. (1996). Estrous 
and sex variations in vocalization thresholds to hindpaw and tail pressure stimu- 
lation in the rat. Brain Res. 742, 352-354. doi: 10.1016/S0006-8993(96)01108-0 

Kruijver, F. P., Balesar, R., Espila, A. M„ Unmehopa, U. A., and Swaab, D. F. (2003). 
Estrogen-receptor-beta distribution in the human hypothalamus: similarities 
and differences with ER alpha distribution. /. Comp. Neurol. 466, 251-277. doi: 
10.1002/cne.l0899 

Kuhn, M. (2011). Contrast: a collection of contrast methods. R Package 
Version 0.17. 

Labombarda, E, Gonzalez, S., Lima, A., Roig, P., Guennoun, R., Schumacher, M. 

et al. (2011). Progesterone attenuates astro- and microgliosis and enhances 

oligodendrocyte differentiation following spinal cord injury. Exp. Neurol. 231, 

135-146. doi: 10.1016/j.expneurol.2011.06.001 
LaCroix-Fralish, M. L., Rutkowski, M. D., Weinstein, J. N., Mogil, J. S., and Deleo, 

J. A. (2005a). The magnitude of mechanical allodynia in a rodent model of 



Frontiers in Behavioral Neuroscience 



www.frontiersin.org 



February 2014 | Volume 8 | Article 40 | 13 



Nicotra et al. 



Sex differences in mechanical allodynia 



lumbar radiculopathy is dependent on strain and sex. Spine 30, 1821-1827. doi: 
1 0. 1097/0 1 .brs.0000174122.6329 1.38 

LaCroix-Fralish, M. L., Tawfik, V. L., and DeLeo, J. A. (2005b). The organizational 
and activational effects of sex hormones on tactile and thermal hypersensitivity 
following lumbar nerve root injury in male and female rats. Pain 114, 71-80. 
doi: 10.1016/j.pain.2004.12.006 

Lacroix-Fralish, M. L., Tawfik, V. L., Nutile-McMenemy, N., and DeLeo, J. A. 
(2006a). Progesterone mediates gonadal hormone differences in tactile and ther- 
mal hypersensitivity following L5 nerve root ligation in female rats. Neuroscience 
138, 601-608. doi: 10.1016/j.neuroscience.2005. 11.048 

LaCroix-Fralish, M. L., Tawfik, V. L., Spratt, K. E, and DeLeo, J. A. (2006b). 
Sex differences in lumbar spinal cord gene expression following experimen- 
tal lumbar radiculopathy. /. Mol. Neurosci. 30, 283-295. doi: 10.1385/JMN: 
30:3:283 

Ledeboer, A., Sloane, E. M., Milligan, E. D., Frank, M. G., Mahony, J. H., Maier, 
S. F., et al. (2005). Minocycline attenuates mechanical allodynia and proinflam- 
matory cytokine expression in rat models of pain facilitation. Pain 115, 71-83. 
doi: 10.1016/j.pain.2005.02.009 

LeResche, L., Mancl, L., Sherman, J. J., Gandara, B., and Dworkin, S. F. (2003). 
Changes in temporomandibular pain and other symptoms across the menstrual 
cycle. Pain 106, 253-261. doi: 10.1016/j.pain.2003.06.001 

Li, L., Fan, X., Warner, M., Xu, X. J., Gustafsson, J. A., and Wiesenfeld-Hallin, Z. 
(2009). Ablation of estrogen receptor alpha or beta eliminates sex differences in 
mechanical pain threshold in normal and inflamed mice. Pain 143, 37-40. doi: 
10.1016/j.pain.2009.01.005 

Lipton, R. B., Stewart, W. F., Diamond, S., Diamond, M. L., and Reed, M. 
(2001). Prevalence and burden of migraine in the United States: data from 
the American Migraine Study II. Headache 41, 646-657. doi: 10.1046/j.l526- 
4610.2001.041007646.x 

Loram, L. C, Hutchinson, M. R., Sholar, P., Wieseler, J. L., Babb, J. A., Taylor, F. 
R., et al. (2010). "Estradiol potentiates morphine-induced pro-inflammatory 
response from microglia and suppresses analgesia in male and ovariectomized 
female rats,' 1 in Neuroscience Annual Meeting 2010 (San Diego, CA). 

Loram, L. C, Taylor, F. R., Strand, K. A., Frank, M. G., Sholar, P., Harrison, J. 
A., et al. (2011). Prior exposure to glucocorticoids potentiates lipopolysaccha- 
ride induced mechanical allodynia and spinal neuroinflammation. Brain Behav. 
Immun. 25, 1408-1415. doi: 10.1016/j.bbi.2011.04.013 

Loyd, D. R., and Murphy, A. Z. (2008). Androgen and estrogen (alpha) receptor 
localization on periaqueductal gray neurons projecting to the rostral ventrome- 
dial medulla in the male and female rat. /. Chem. Neuroanat. 36, 216-226. doi: 
10.1016/j.jchemneu.2008.08.001 

Marcondes, F. K., Bianchi, F. J., and Tanno, A. P. (2002). Determination of the 
estrous cycle phases of rats: some helpful considerations. Braz. J. Biol. 62, 
609-614. doi: 10.1590/S1519-69842002000400008 

Maves, T. J., Pechman, P. S., Gebhart, G. E, and Meller, S. T. (1993). Possible chemi- 
cal contribution from chromic gut sutures produces disorders of pain sensation 
like those seen in man. Pain 54, 57-69. doi: 10.1016/0304-3959(93)90100-4 

McEwen, B. S., and Alves, S. E. (1999). Estrogen actions in the central nervous 
system. Endocr. Rev. 20, 279-307. 

Merchenthaler, I., Lane, M. V., Numan, S., and Dellovade, T. L. (2004). Distribution 
of estrogen receptor alpha and beta in the mouse central nervous system: in vivo 
autoradiographic and immunocytochemical analyses. /. Comp. Neurol. 473, 
270-291. doi: 10.1002/cne.20128 

Milligan, E. D., Mehmert, K. K., Hinde, J. L., Harvey, L. O., Martin, D., Tracey, 
K. J., et al. (2000). Thermal hyperalgesia and mechanical allodynia produced 
by intrathecal administration of the human immunodeficiency virus- 1 (HIV-1) 
envelope glycoprotein, gpl20. Brain Res. 861, 105-116. doi: 10.1016/S0006- 
8993(00)02050-3 

Milligan, E. D., O'Connor, K. A., Nguyen, K. T, Armstrong, C. B., Twining, 

C, Gaykema, R. P., et al. (2001). Intrathecal HIV-1 envelope glycoprotein 

gpl20 induces enhanced pain states mediated by spinal cord proinflammatory 

cytokines. /. Neurosci. 21, 2808-2819. 
Milligan, E. D., Twining, C, Chacur, M., Biedenkapp, J., O'Connor, K., Poole, S., 

et al. (2003). Spinal glia and proinflammatory cytokines mediate mirror-image 

neuropathic pain in rats. /. Neurosci. 23, 1026-1040. 
Milligan, E. D., and Watkins, L. R. (2009). Pathological and protective roles of glia 

in chronic pain. Nat. Rev. Neurosci. 10, 23-36. doi: 10.1038/nrn2533 
Milligan, E. D., Zapata, V., Chacur, M., Schoeniger, D., Biedenkapp, J., O'Connor, 

K. A., et al. (2004). Evidence that exogenous and endogenous fractalkine can 



induce spinal nociceptive facilitation in rats. Eur. J. Neurosci. 20, 2294-2302. 

doi: 10.1 1 1 l/j,1460-9568.2004.03709.x 
Mogil, J. S. (2009). Animal models of pain: progress and challenges. Nat. Rev. 

Neurosci. 10, 283-294. doi: 10.1038/nrn2606 
Mogil, J. S., Davis, K. D., and Derbyshire, S. W. (2010). The necessity of animal 

models in pain research. Pain 151, 12-17. doi: 10.1016/j.pain.2010.07.015 
Mogil, J. S., Ritchie, J., Sotocinal, S. G., Smith, S. B., Croteau, S., Levitin, D. 

J., et al. (2006). Screening for pain phenotypes: analysis of three congenic 

mouse strains on a battery of nine nociceptive assays. Pain 126, 24-34. doi: 

10.1016/j.pain.2006.06.004 
Muller, E., and Kerschbaum, H. H. (2006). Progesterone and its metabolites 

5-dihydroprogesterone and 5-3-tetrahydroprogesterone decrease LPS-induced 

NO release in the murine microglial cell line, BV-2. Neuro Endocrinol. Lett. 27, 

675-678. 

Nicotra, L., Loram, L. C, Watkins, L. R., and Hutchinson, M. R. (2012). 
Toll-like receptors in chronic pain. Exp. Neurol. 234, 316-329. doi: 
10.1016/j.expneurol.2011.09.038 

Ogura, T, Morinushi, T, Ohno, H., Sumi, K., and Hatada, K. (1985). An epi- 
demiological study of TMJ dysfunction syndrome in adolescents. /. Pedod. 10, 
22-35. 

Pamuk, O. N., and Cakir, N. (2005). The variation in chronic widespread pain and 
other symptoms in fibromyalgia patients. The effects of menses and menopause. 
Clin. Exp. Rheumatol. 23, 778-782. 

R Development Core Team (2011). R: A Language and Environment for Statistical 
Computing. Vienna: R Foundation for Statistical Computing. Available online 
at: http://www.R-project.org/ 

Rettew, J. A., Huet, Y. M., and Marriott, I. (2009). Estrogens augment cell sur- 
face TLR4 expression on murine macrophages and regulate sepsis susceptibility 
in vivo. Endocrinology 150, 3877-3884. doi: 10.1210/en.2009-0098 

Riley, J. L. 3rd., Robinson, M. E., Wise, E. A., Myers, C. D, and Fillingim, R. B. 
(1998). Sex differences in the perception of noxious experimental stimuli: a 
meta-analysis. Pain 74, 181-187. doi: 10.1016/S0304-3959(97)00199-1 

Ruau, D., Liu, L. Y., Clark, J. D, Angst, M. S., and Butte, A. J. (2012). Sex differences 
in reported pain across 11,000 patients captured in electronic medical records. 
/. Pain 13, 228-234. doi: 10.1016/j.jpain.2011. 11.002 

Sahar, M. M., Abed el Samad, O., and Abed el Samad, A. A. (1997). Modified 
vaginal smear cytology for the determination of the rat estrous cycle phases, 
versus ordinary Papanicolaou technique, verified by light and scanning electron 
microscopic examination of the endometrium. Egypt. J. Histol. 30, 397-408. 

Sarlani, E., Grace, E. G., Reynolds, M. A., and Greenspan, J. D. (2004). 
Sex differences in temporal summation of pain and aftersensations fol- 
lowing repetitive noxious mechanical stimulation. Pain 109, 115-123. doi: 
10.1016/j.pain.2004.01.019 

Sarlani, E., and Greenspan, J. D. (2002). Gender differences in temporal sum- 
mation of mechanically evoked pain. Pain 97, 163-169. doi: 10.1016/S0304- 
3959(02)00015-5 

Shughrue, P. J., Lane, M. V., and Merchenthaler, I. (1997). Comparative dis- 
tribution of estrogen receptor-alpha and -beta mRNA in the rat central 
nervous system. /. Comp. Neurol. 388, 507-525. doi: 10.1002/(SICI)1096- 
9861(19971201)388:4<507::AID-CNEl>3.0.CO;2-6 

Sonmez, H., Sari, S., Oksak Oray, G., and Camdeviren, H. (2001). Prevalence 
of temporomandibular dysfunction in Turkish children with mixed and 
permanent dentition. /. Oral Rehabil. 28, 280-285. doi:10.1111/j.l365- 
2842.2001.tb01678.x 

Soucy, G., Boivin, G., Labrie, E, and Rivest S. (2005). Estradiol is required for a 
proper immune response to bacterial and viral pathogens in the female brain. 
/. Immunol. 174, 6391-6398. 

Sweitzer, S., Martin, D, and DeLeo, J. A. (2001). Intrathecal interleukin-1 receptor 
antagonist in combination with soluble tumor necrosis factor receptor exhibits 
an anti-allodynic action in a rat model of neuropathic pain. Neuroscience 103, 
529-539. doi: 10.1016/S0306-4522(00)00574-l 

Tanga, F. Y, Raghavendra, V., and DeLeo, J. A. (2004). Quantitative real-time 
RT-PCR assessment of spinal microglial and astrocytic activation mark- 
ers in a rat model of neuropathic pain. Neurochem. Int. 45, 397-407. doi: 
10.1016/j.neuint.2003.06.002 

Tannenbaum, J. (1999). Ethics and Pain Research in Animals. Inst. Lab. Anim. Res. 
40, 97-110. 

Treutwein, B., and Strasburger, H. (1999). Fitting the psychometric function. 
Percept. Psychophys. 61, 87-106. doi: 10.3758/BF03211951 



Frontiers in Behavioral Neuroscience 



www.frontiersin.org 



February 2014 | Volume 8 | Article 40 | 14 



Nicotra et al. 



Sex differences in mechanicai allodynia 



Venables, W. N., and Ripley, B. D. (2002). Modern Applied Statistics with S. 4th Edn. 
New York, NY: Springer. 

Wang, L. X., and Wang, Z. J. (2003). Animal and cellular models of chronic pain. 
Adv. DrugDeliv. Rev. 55, 949-965. doi: 10.1016/S0169-409X(03)00098-X 

Watkins, L. R., Hutchinson, M. R., Rice, K. C, and Maier, S. F. (2009). 
The "toll" of opioid-induced glial activation: improving the clinical effi- 
cacy of opioids by targeting glia. Trends Pharmacol. Sci. 30, 581-591. doi: 
10.1016/j.tips.2009.08.002 

Woolf, C. J. (1995). Somatic pain-pathogenesis and prevention. Br. J. Anaesth. 75, 
169-176. doi: 10.1093/bja/75.2.169 

Yang, Y, Ozawa, H., Lu, H., Yuri, K., Hayashi, S., Nihonyanagi, K., et al. (1998). 
Immunocytochemical analysis of sex differences in calcitonin gene-related pep- 
tide in the rat dorsal root ganglion, with special reference to estrogen and its 
receptor. Brain Res. 791, 35-42. doi: 10.1016/S0006-8993(98)00021-3 

Zimmermann, M. (1986). Ethical considerations in relation to pain in animal 
experimentation. Acta Physiol. Scand. Suppl 554, 221-233. 



Conflict of Interest Statement: The authors declare that the research was con- 
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest. 

Received: 25 September 2013; accepted: 27 January 2014; published online: 13 
February 2014. 

Citation: Nicotra L, Take J, Grace PM, Rolan PE and Hutchinson MR (2014) Sex dif- 
ferences in mechanical allodynia: how can it be preclinically quantified and analyzed? 
Front. Behav. Neurosci. 8:40. doi: 10.3389/fnbeh.2014.00040 
This article was submitted to the journal Frontiers in Behavioral Neuroscience. 
Copyright © 20 1 4 Nicotra, Take, Grace, Rolan and Hutchinson. This is an open- 
access article distributed under the terms of the Creative Commons Attribution License 
(CC BY). The use, distribution or reproduction in other forums is permitted, provided 
the original author(s) or licensor are credited and that the original publication in this 
journal is cited, in accordance with accepted academic practice. No use, distribution or 
reproduction is permitted which does not comply with these terms. 



Frontiers in Behavioral Neuroscience 



www.frontiersin.org 



February 2014 | Volume 8 | Article 40 | 15 



Nicotra et al. 



Sex differences in mechanical allodynia 



APPENDIX 



Table A1 | Response rates for von Frey test 2 generated by the 2g 
filament. 





PRO 


OEST 


MET 


Dl 


Pre-surgery 


4.2 ±0.30 


5.0 ±0.22 


4.9 ±0.24 


4.7 ±0.22 


NOSO 


5.2 ±0.24 


4.9±0.18 


4.1 ±0.43 


4.4 ±0.44 


N0S4 


8.6 ±0.44 


6.5 ±0.42 


6.6 ±0.56 


9.7 ±0.41 


N1S3 


20.0 ±0.52 


15.0±0.46 


14.3 ±0.55 


17.0±0.51 


N3S1 


42.0 ±0.44 


41.0 ±0.41 


41.0±0.38 


43.0 ±0.51 


N4S0 


54.0 ±0.33 


53.0 ±0.44 


51.0±0.56 


48.0 ±0.53 



Responses generated utilizing von Frey Test 2 were examined following the tradi- 
tional statistical approach whereby responses were independently examined at 
the 2 and 12 g von Frey filaments. For each predictor (sex, oestrus cycle phase, 
surgery and von Frey filament stimulus), the difference between the allodynia 
(percentage response for the 2g von Frey filament) for each level of the pre- 
dictor was estimated. This value obtained is referred to as the response rate, 
the percent response /30 (% response). The results presented throughout this 
study are expressed as the average difference in percent response, which are 
generated from the response rates. 



Table A2 | Response rates for von Frey test 2 generated by the 12 g 
filament. 





PRO 


OEST 


MET 


Dl 


Pre-surgery 


8.3 ±0.24 


10.0±0.22 


9.6 ±0.28 


9.4±0.21 


NOSO 


11.0±0.21 


10.0±0.22 


10.0±0.26 


11.0±0.22 


N0S4 


22.0 ±0.38 


21.0 ±0.28 


22.0±0.31 


22.0 ±0.26 


N1S3 


34.0 ±0.32 


32.0 ±0.24 


26.0 ±0.38 


34.0 ±0.33 


N3S1 


61.0 ±0.44 


61.0±0.51 


64.0 ±0.51 


62.0 ±0.57 


N4S0 


79.0±0.51 


79.0 ±0.43 


78.0 ±0.44 


81.0±0.56 



Responses generated utilizing von Frey Test 2 were examined following the tradi- 
tional statistical approach whereby responses were independently examined at 
the 2 and 12 g von Frey filaments. For each predictor (sex, oestrus cycle phase, 
surgery and von Frey filament stimulus), the difference between the allodynia 
(percentage response for the 2g von Frey filament) for each level of the pre- 
dictor was estimated. This value obtained is referred to as the response rate, 
the percent response /30 (% response). The results presented throughout this 
study are expressed as the average difference in percent response, which are 
generated from the response rates. 



Table A3 | Percent response values von Frey test 2. 





PRO 


OEST 


MET 


Dl 


Pre-surgery 


6.9 ±0.22 


7.3±0.18 


7.3 ±0.22 


7.0±0.16 


NOSO 


7.4 ±0.20 


7.0±0.16 


8.0 ±0.22 


8.7 ±0.26 


N0S4 


17.0±0.24 


16.0 ±0.11 


17.0±0.21 


16.0±0.26 


N1S3 


23.0 ±0.33 


25.0 ±0.38 


25.0 ±0.41 


22.0 ±0.23 


N3S1 


48.0 ±0.32 


50.0 ±0.48 


51.0 ±0.46 


50.0 ±0.41 


N4S0 


63.0 ±0.44 


64.0 ±0.49 


61.0 ±0.33 


41.0 ±0.40 



Responses generated from von Frey Test 2 were used to examine the estimate 
of the slope of the linear relationship between the response and von Frey fila- 
ment. The results presented throughout this study are expressed as the average 
difference in percent response, which are generated from the percent response 
values (the percent response /30 across von Frey filaments). 



Table A4 | Response rates for von Frey test 3. 





PRO 


OEST 


MET 


Dl 


Pre-surgery 


4.1 ±0.20 


4.9 ±0.20 


5.5 ±0.80 


5.1 ±0.21 


NOSO 


5.1 ±0.60 


5.0 ±0.72 


5.2 ±0.50 


6.1 ±0.60 


N0S4 


5.0 ±0.44 


6.1 ±0.60 


5.6 ±0.30 


5.3 ±0.50 


N1S3 


9.8 ±0.52 


8.1 ±0.52 


7.7 ±0.38 


10.0 ±0.60 


N3S1 


11.0 ±0.42 


8.9 ±0.80 


8.1 ±0.80 


11.0±0.50 


N4S0 


12.0±0.58 


11.0 ±0.74 


11.0±1.0 


11.0±0.85 



von Frey Test 3 examined the relationship between the response and the force 
of the von Frey filament. Results generated by von Frey Test 3 are expressed as 
the percent difference in response per increase in von Frey hair stiffness, which 
are generated from the estimated increase in percent response per increase in 
von Frey stiffness. 
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